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B y   R a y  E. B u d i n g e r  a d  George I(. Serovy 

The i n d i v i d u a l  stage performance was determFned f o r  a 10-stage 
axial-flow compressor from circumferentially  fixed  radial r&e measure- 
ments of t o t a l  temperature and total  pressure  obtained a t  the  discharge 
of each stage. The intermediate  speed range in  which surge problems 
have been  encountered i n  multistage axial-flaw coqressors was also 
investigated. The results of this investigation showed the  existence of 
a slight knee in  the compressor surge line bebeen  70 and 74 percent of 
design speed. The interstage data indicated that the knee i n  the  surge 
l ine and the corresponding drqp i n  compressor total-pressure  ratio before 
surge on the 70-percent  speed  curve appear to be directly  aesociated with 
the  positive stall  of some inlet   stage a t  low speeds and i ts  effect  
through stage  interactions on the perfomnce of several of the succeed- 
ing stages and possibly some of the precedfng  stages. The magnitude of 
the hee  in  the compressor surge line probably is also affected  by  the 
type of s t a l l   i n i t i a t e d  in the inlet stages of the compressor. The 
progressive  tip-to-hub stall found in  the  early  stages of t h i s  compres- 
sor a t  lar speeds i s  bet ter  than EL simultaneous root-to-tip stall because 
it reduces  the  effect of stall on the over-al l  comgressor perfomnce and 
probably  tends t o  reduce the effect  of stage  interactions which are prop- 
agated  axially tbrough the comgressor by meam of an unstable rotating 
stall phenomenon. 

3 

The use of high  pressure  ratio dal-flow compressors i s  posing 
serious s tar t ing and accelerating problems i n  current jet a i r c ra f t  
engines. The degree to  which this problem exists in a given unit is  
approldmately measured by the neazness of the  equilibrium  engine  operat- 
ing l ine   to   the  compressor swge line. The distance between these D e s  
is  called  the margin f o r  acceleration of the engine. Two factors which 
reduce this margin are the inherently low compressor efficiency  at  low 
engine  speeds and the change in slope of the comgressor surge line a t  
intermediate speeds. Both these  factors  are  directly  associated with 
the ird iv idua l  stages and the matching chazacteristics of these  stages 
fn the compressor- 
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Multistage  axial-flow compressors are generally designed t o  obtain 
peak efficiency in a l l  stages a t  a specified speed and pressure  ratio. 
At-speeds  below design the- exit  stages limit the  weight flow, causing 
high angles of attack and subsequent s t a l l  of the w e t  stages. The 
high  losses  associated  with Blade stall seriously reduce the corapreasor 
efficiency a t  low speeds. A t  some intermediate p o h t  along the surge 
line  there is  a speed a t  which incipient stall w i l l  be  encountered i n  
some inlet   stage.  Reference 1 indicates that the knee i n  th s su rge  m e  
of-one  particular compressor was the   resul t  of the stalling of some 
inlet   stage and the consequent effect, through stage interactions, oQ 
this s t a l l  on preceding and succeeding stages. 

In  order t o  determine the  general  applicability of the results of 
reference 1 and present  additional data and further explanations of 
stage matching characteristics of multistage axial-flow compressors, an 
investigatian -similar t o  that o f  .reference. lwas conducted a t  the NACA 
Lewis laboratory on the 10-stage  research compressor reported i n  ref-  
erences 2 and 3. .  The surge l ine  characterist ics of the compressor 
reported i n  reference l ,md the  10-stage compressor repgrted  herein 
-exhibit the s&me general  trend,  although the magnitude of the knee i n  
the surge l ine  of the 10-stage c q e s s o r  at  intermediate speeds is con- 
siderably  less and the  .part-gpeed  efficiencies g e  much higher  than for  
the  16-stage compressor of reference 1. An attempt t o  evaluate some of 
the factors which-affect the shape.of  the  surge line may thus be afforded 
by use of the stage performance.curves  presented  herein and stall  data 
obtained on the  l0-stage compressor which are  presented $n reference 4.  

Circwnfaentially  f ixed  radial  rake measurements o f ' t o t a l  t q e r a -  
ture  and total   pressure were obtained after each stage f o r  a range of 
flows from choke t o  surge over a range of apeeds from 50 t o  100 percent 
of design speed. The individual  stage performance and over-all compres- 
s o r  performance were evaluated from these  masurements and are  presented 
herein. - 

The 20-inch t i p  diameter, 10-stage axial-flow compressor reported 
in  references 2 e d  3 and schematically shown in   f igure lwas used f o r  
the investigation. . The test  inf3tallation and instrumentation for the 
determination of t h e  over-all compressor performance are  the same as 
those  presented i n  reference 3. In addition,  interstage  instrumentation 
was installed  at   the  axial   stations sham i n  f igure 1. After each s t a -  
tor  blade row a single radial   totaLpressure rake ( f ig .  2(a) ) and a 
single radial total-temperature,  rake.  (fig. 2(b) ) were used for  the 
determination of the  individual.  stage performance. Locating the  rakes 
behind stator rows where the  discharge flow angle remains relatively 
constant over & wide range of flow conditions would tend to minimize 
flow angularity  effects un the instrument measurements. The rakes i n  
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the f irst  five  stages had f i v e  measuring t i p s  each and the rakes in the 
last f i v e  stages had three measuring t ips .  Area centers of equal annu- 
lar areas were used t o  determine the  radial   location of the measuring 
t i p s  on each rake.  Consideration was given to   locat ing instruments 
around the periphery of the campressor such that   they would be free of 
upstream instrument and blade wakes. The pressure measurements w e r e  
photographed from mercury manometers and the  stage  temperatures w e r e  
measured differentially  with thermocouples i n  the  depression tank on a 
calibrated  self-balancing  potentiometer. 

The compessor was operated at speed6 f rom 50 t o  100 percent of 
equivalent  design speed. A t  each speed a range of air flows w a s  inves- 
tigated from a maximum flow at which the compressor was choked t o  a 
minimum flow at which surge  occurred. The design speed surge  point 
was not  obtained because of mechanical d i f f icu l t ies  wLth the test r ig .  
The inlet  pressure w&s varied t o  maintain a constant Reynolds number 
of approximately 190,000 re lat ive  to   the first rotor a t  all speeds. 
The Reynolds number is defined as pVZ/p, where the characterist ic 
length 2 i s  the chord length a t  the   t ig  of the f i r s t  rotor;  the remain- 
ing synbols axe defined i n  appendix A. The value of Reynolds nuniber w a s  
chosen on the  basis of the horsepower available t o  drive  the compressor 
wlth a given  gear r a t i o  at an overspeed o p e r a t a  condition. 

The over-all compressor performance characteristics w e r e  calculated 
from the inlet weight flow, the  total   pressure and temperature, and the 
discharge static  pressures,   total   tempratures,  and the necessaxy fluid 
flow  equations as recommended in reference 5. This method is the same 
as that used i n  the  presentation of the  calculated data in  the  prelimi- 
nary over-allperformance  investigation of reference 3 which does not 
credit  the compressor with  nonuniformities of out le t  flow velocity and 
deviatlon from axial discharge. 

The individual  stage  perfomnce was determined from arithmetic 
averages of total pressure and t o t a l  temperature a t  the discharge of 
each stage in  conjunction  with  the  tables of reference 6. The stage 
performance is  presented i n  terms of flow coefficient,  equivalent  pres- 
sure  ratio,  equivalent  tenperature-rise r a t io ,  ana adiabatic  efficiency. 
Complete derivations of these dimemionless performance p a r e t e r s  can 
be found in  reference 1. The stage performance data presented i n  ref- 
erence 1 omitted  the Mach rimer term In the flaw coefficient parameter. 
Inasmuch as the  scatter of the da%a can be reduced by including  the Mach 
number term, an approximate Mach  number was determined from the  outer 
wall static  pressure and average t o t a l  pressure a t  the entrance to each 
stage  for  the data presented  herein. The exact forms of the parameters 
as used t o  calculate  the  individual  stage performance of the compressor 
are presented i n  appendix B. 
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The flow range of any given stage in  a multistage compressor cannot 
be controlled  independently of speed  because of the choke  and surge 
limits imposed on the compressorat any one speed. The stage perform- 
ance parameters are  a means of correlating the stage  data independent o f '  
speed. The equivalent values presented are approximately those that 
would have been obtained if the complete flow range of each stage could 
have been  covered a t  'design speed. 

The flow coefficient Q/UA is the r a t i o   o F t h e  volume flow divided 
by the t i p  speed and annulus mea  at  the  entrance  to  the  stage. The 
flow coefficient i s  equivalent t o   t he   r a t io  of mean axial  velocity over 
t i p  speed and, consequently, i t r ep resen t s  an average  angle o f  attack on 
a stage. An increasing flow coefficient corresponds t o  a decreasing 
angle of attack and vice  versa. 

The absolute magnitudes of the  values .of the individual  stage per- 
formance parameters are  subject  to errors'for the following reasons: 

- 1. The magnitudes o f - the  temperature and pressure r i s e s  across a 
single  stage are small, @articularly a t  low compressor speeds. 

2. The accuracy of the fixed  rake  instrumentation  decreases when the 
flow angle deviations exceed *loo. 

3. The location of the  stator blade wakes varies  both circumferen- 
t i a l l y  and radially  with changes i n  speed and weight flow. A t  some flow 
conditions it i s  probable that rakes i n  various stages may have been 
measuring par t ly  o r  wholly i n  wake regions. 

4. The measurements obtained in   the  high loss regions  encountered 
behind a stalled  blade r m  are  questionable, as indicated in reference 7. 
Steady-stage  instrumentation cannot accurately  evaluate  the unsteady 
flow disturbances s e t  up by a stalled  blade row. A t  the  higher speeds, 
where.. a l l  stages  are  operating  unstalled and mar their  respective 
design dis.charge f loy angles,  the  equivalent-  total-pressure and equiva- 
lent  total-teqperature-rise ratios should be  reasonably  accurate; how- 
ever,  very slight  errors in  the magnitude of either of these pmameters 
have a considerable  effect on the  stage  efficiencies. 

5. The arithmetic averaging of the data is indicative of perform- 
ance when the stages are uns-talled and the radial   distributions of--f lou 
are'uniform. Inasmuch as the  discharge condLtions for  one stage  are the 
i n l e t  condi.f;fons f o r  the succeeding  stage, any discrepancies in the per- 
formance of- one stage w i l l  be reflected in the performance of the sue- 
ceeding or preceding  stage. 

The general shape of the  stage.performance  curves and the  locations 
of the peaks and break  points  probably-are  unaltered by the  lnaccuraciee 
in the absolut-tudes of the values obtained. 

c 
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RESULTS AID DISCUSSION 

Over-all performance characteristics. - The over-all perfornape 
characteristics of the compressor with inters-kkge instrumenhtion  are 
presented in   f igures  3 and-4 as plots  of total-pressure r a t i o  and adia- ' 

batic  temperature-rise  efficiency as functions of equivalent weight flow 
over a raage of equivalent speeds from 50 t o  100'percent of design speed. 
Since  the &sign speed surge  point was not obtained, the s,urge l lmit  line 
was extrapolated  using  the  original  over-all performance data of ref - 
erence 3 as a guide..  This  extrapolation (shown on f ig .  3 as -a dashed 
line} indicated a maximum total-pressure r a t i o  of approxFmstely 7.2 a t  
an equivalent weight flow of approximately 52 pounds per- second with an 
efficiency of 0.81. The maximm equivalent weight flow obtained at  
design speed was 55.2 pounds per second. 

The peak efficiency as shown on figure 4 i nc re~sed  from a d l u e  of 
0.70 a t  50 percent of design  speed .to 0.82 a t  90 percent speed and then 
decreased t o  0.81 a t  design speed. The maximum total-pressure  ratio and 
maxFmum weight flow obtained a t  design speed and the peak efficiency 
obtained a t  a l l  speeds d i f fe r  from the  results  presented i n  reference 3. 
The maxFmum total-pressure  ratio and maximum weight flow were -decreased 
from approximately 7.5 t o  7.2 and f r o m  56 t o  55 pounds per second, - .  
respectively. The peak efficiency  decreased over 8 range  from approxi- 
mately 5 points a.t 50 percent t o  -1 point a t  design speed. These differ-  
ences can be  attributed  to  the  following  factors : 

' 1. The i n l e t  guide vanes were replaced  after a periodic black 
inspection  revealed  fatigue  cracks in the original vanes. The set t ing 
angle on the replacement vanes was in sl ight  error in the  direction of 
an increase wLth respect  to  the compressor axis. - 

2. Corrosion of the flow passages and blading e ter  the use of 
refrigerated air  necessitated the coating of these  surfaces  with  heat- 
res i s tas t  alminum paint. The surface  finish  effects on campressor effi- 
ciency  exhibit  the same general  trends as those  obtained  in-the  single- 
stage compressor investigation of reference 8, that is, the peak effi- 
ciency  decreases  with  decreasing  speed and the efficiency also decreases 
with  increashg flaw at  a  given speed. 

3. The interstage  instrumentatfoa  htroduceb addi t ional  flow ais - 
turbances and area blockage which could affect  the  over-all compressor 
perf ormagce. 

pressors,  additional  aata w e r e  obtained at surge between 70 and 80 percent . 
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of design speed. These results,  shown i n  figure 3, indicate a slight 
knee . i n  the surge line of- the compressor that  was not shown in   the  orig- 
inal investigation  presented in reference 3. Since the or iginal   tes ts  
were run i n  10 percent speed increments, it appeared that the surge l ine 
gradually changed slope between 70 and 80 percent of design speed. The 
change i n  slope in the surge l ine i s  characterized by a rapid  increase 
in surge weight flow and compressor efficiency when plotted  against 
increasing speed, as sham in figure 5. This  trend i s  typical of high 
pressure-ratio  axial-flow compressors; however, the  severity of the 
surge limitation  varies  considerably with different comgressors, as 
evidenced by  the results of reference 1. The magnitude of the knee fn 
the  surge lipe of this compressor  would not  tapose a serious  restriction 
on the  acceleration to  design speed of an engine using th i s  compressor. 
The acceleration t i m e  of the engine would also be good because of the 
high  part-speed  efficiencies. The analysis of the interstage  data  pre- 
sented i n  the remainder of this  report  w i l l  attemgt to  find  the  reason 
the  surge  line is  relatively smooth and low speed efficiencies  are high 
for this compressor,whereas other  axial-flow co-mgressors have severe  surge 
limitations in  the  intermediate speed range conibined with low part-speed 
efficiencies. 

Stage Performance 

The-qualitative  analysis of stage matching and off-design perform- 
ance  presented in  reference 9 gives an indication of the  operating range 
of the ind iv idua l  stages i n  a multistage axial-flow compressor over a 
range of speeds and flows. This analysis, however, does not show the 
effects of stage  interactions which the  data of reference 1 indicate axe 

important factor i n  determining the magnitude of the knee in   the com- 
pressor  surge  line. The type of stage performance characteristic and 
the .effect  of stage interactions will be  discussed with respect t o  their  
effect- on over-all compressor performance chaxacteristics  in  the follow- 
ing sections. 

C 

Inlet  stage performance. - The performance characteristics of the 
inlet   stage are presented in figure  6(a) . The equivalent performance 
parameters were evaluated from the compressor i n l e t  conditions of t o t a l  
pressure and t o t a l  temperature,,and  consequently  the losses through the 
inlet bellmouth and guide vanes are included i n  the performance values of 
the  inlet  stage. The flow coefficient f o r  this stage is based on the 
flow conditions and anndus area a t  the  entrance t o  the   f i r s t   ro tor .  The 
inlet stage  operates a t  leas t   par t ia l ly   s ta l led   (as  shown i n  f ig .  6(a)) 
below a flow coefficient of approximately 0.46, as evidenced by the 
rapidly rising equivalent  temperature-rise r a t i o  and the positive elope 
of the  equivalent  total-pressure-ratio curve &-lows below this value. 
The surge points denoted by the ta i led  symbols indicate that the i n l e t  
stage becomes s ta l led along the surge l ine  a t  approximately 74 percent of . 
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equivalent  design speed, which.correspo& t o  the init ietl  change in 
slope of the  over-all compressor p&formance curves a t  surge shown i n  
figure 5. A t  70 percent of equivalent  design speed the inlet stage 
operates  unstalled when the compressor is choked but  as the.weight flow 
i s  decreased a t   t h a t  speed, the angle of attack increases t o  the point I 

of positive stall of the stage. This f ac t  i s  clearly s h m  by the rapid 
increase in  the  equivalent total-temp&rature-rise r a t i o  of the 70 percent 
speed data points in figure  6(a) as the flow c&ff  icient is decreased. 
The equivalent  total-pressure  ratio  exhibits  only a slight drop which is 
coincident  with the rapid  increase  in  equivalent  total-temprature-rise 
ra t io .  The pressure producing capacity of the  stage is not  seriously 
reduced  because-of positive stall; however, the work input  required to 
obtain this pressure rise increases  rapidly,  causing a sharp  decrease i n  
the efficiency of the first stage, as sham Fn figure 6(a>. The shape 
of- the over-all compressor perfomnce curves a t  70 percent speed on 
figures 3 and 4 ref lects   the  effect  of the inlet stage stall. The mag- 
nitude of these  effects may be increased through stage  interactions 
which affect the performance of succeeding stages. The shapes of the 
surge Une and characteristic curves in the  intermediate speed range 
appear t o  be governed by s t a l l  of the inlet  stages. Because of the man- 
ner i n  which the  individual  stages  operate i n  a high  pressure r a t io ,  
multistage  axial-flow  congressor, stall. of the inlet stages is unavoid- 
able a t  low speeds unless a means of alleviating this  staU condition, 
such a8 adjustable  guide vanes and stator blades or air bleed, is incor- 
porated  into the mechanical design. The aerodynamic design using fixed 
blading may be cimpromised  avch that good lai -speeB p e r f o m c e  or good 
high speed performance will be obtained, depending on the ultimate use 
of the engfne..  Designing a compressor such that the inlet   s tage will 
stall a t  a lower speed by  sett ing  the blades at lower than design  angles 
of at tack will Fnrprove the low speed efficiencies of the.capressor  but, .  
due t o  the lFmited  range of the  stage, w i l l  cause choking of the com- . 
pressor weight flow a t  high  speeds'klth a resultant.decrease in perfom- 
a c e .  .If the   inlet   s tage were designed t o   s t a l l  at a hagher speed the 
low speed efficiencies would deqease, thus  increasing the starting 
problems and the  acceleration 'time of a jet engine  'incorporating the  
compressor. The knee i n  the compressor surge line would probably be more 
severe fo r  this type of design a8 a r e s u l t  of the occurrence of s ta l l  at  
a higher speed. . .  

I 

Performance of stages 2 t o  10. - Th& second stage exhtbits the same 
genaal  equivalent performance characteristics as. the i n l e t  stage.. The  
effects of s tage   s ta l l   a re  less severe for   the second stage, as shown on 
the  equivalent  tempkrature-rise r a t i o  and-adiabatic  efficiency curves of 
figure  6(b). The performance curves for  stages  three through f ive-pre-  
sented on figures  6(c)  to  (e)  suggest a positive stall over approxi- 

s ta l l  in  these  stages i s  evident only in the equivalent  total-pressure- 
r a t i o  curve. The equivalent  total-temperature-rise  ratio and adiabatic 

4 mately the same range of speeds and flows as the  inlet   stage stall.  The 
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efficiency show l i t t l e  change ovq  the  entire range of flow coefficients 
for  the  third  stage. The t b t a l   t q e r a t u r e   a t   t h e  dischazge of the 
fourth  stage i s  probably in error,  as shown by the very low efficiencies L 

of this  stage on figure 6 (  d) conbiued with inlpossible efficiencies which 
are over 100 percent  for the f i f t h  stage  (fig.  6(c)). The performance 
curves (figs. 6(a) t o  (j)) ind ica te   s ta l l  in the   f i r s t   f i ve  stages; 
beyond the f i f t h  stage  there is  no evidence of stall. These results 
agree with the  rotating  stall   investigation ( r d .  4), which shared a 
rapid damping  of the  rotating stall as  it passed  through the  f if th  stage 
and.very  slight  fluctuations in the latter  stages. The performance of 
the second stage is adversely  affected by stall of the in le t  stage, as 
s h m  by the drop in   eff ic iency  a t  low values of flow coefficient i n  
figure 6(b) .  This s'tall prodeces only a slight reduction in the equiva- 
lent  total-pressure  ratio  and.a  negligible  effect on the  equivalent 
total-temperature-rise  ratio of the next three etages. The flow coeff i- 
cient f o r  the f i r s t  five stages increases with  increasing speed, which 
corresponds to  a decreasing  angle of attack. 

Gtages six through eight  (figs . 6(  f } t o  (h) ) operate over  approxi- 
mately the same range of flow'coefficients and very near the peak of 
their  stage  equivalent  total-pressure-ratio curves at  a l l  speeds. Con- 
sequently,  these  stages will gperate  close t o  peals efficiency under a l l  
speed and flow conditions. 

Stages  nine and ten (sham i n  figs. 6(  i) and ( J )  } operate from the 
negative  slope  side of their  equivalent  stage  total-pressure  ratio  cwves 
toward peak pressure  ratio with increasing speed and decreasing flaw a- 
a given speed. The flow coefficient  for t h e k  stages  decreases, Indi- 
cating an increasing  angle.of  .attack  with  increasing speed. The flow 
coefficient f o r  choke weight.flaT for stages  nine and ten increases w i t h  
decreasing speed. The compresmr weight flow at  the lar and IntermedLate 
speeds is  l h i t e d  by a low eagle of attack stall  of one of the exit 
stages. Since the lar -le bf attack stall is affected by Mach  nuniber, 
it could be expected that the choke flow points would not f a l l  on a 
s-le curve fo r  these  stages. Stages nine and ten approach the- peak of 
their  individual  stage  equivalent  total-pressure  ratio new surge a t   t h e  
higher compressor speeds (90 and 100 percent of design  speed). 

Individual  stage  operating range. - The m a x h u m  and minimum flow 
coefficients f o r  each stage over the  entire range of speeds and weight 
flows investigated  are  presented  in  figure 7. The difference between the 
maximum and minimum values is indicative 'of the range of flow coefficients 
or range of angle of attack of each stage. The fact  that various  stages 
have the same range of flow coefficients, "ever, does not necessarily 
mean that these  sbges  operate over the sane range of angle of attack. 
The variation of angle of attack with flow coefficient i s  dependent on c 

the  velocity d i a g r m s  of the- individual   s tqes .  Since the design 
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velocity diagrams m e  simi- fo r  a l l  ten stages of this compressor, a 
valid  coqarison of the  operating  range of each stage  probably can be 
made from figure 7. The imposed flow range  decreases from the inlet 
stage to a minFmum a t  the entrance t o  the seventh  stage and then 
increases  rapidly  in the exit stages. The f a c t  that the minfmum range 
occurred a t  the  entrance to   t he  seventh  stage  could be expected from the 
analysis of reference 9, which indicated that the minimum angle of 
attack range w i l l  occur in some stage between the middle asd exit   stages 
of a multistage compressor. The rapid  increase i n  flow range of the 
exit  stages  indicates that these  stages would be operating over the 

performance curves ( f ig .  6) that the inlet  stages  operate over the 
widest range of angle of attack. The' inlet stages  operate far into  the 
positive stall region a t  low speeds and approach turbining a t  high 
speeds, whereas the exit  stages  operate on ly  from choke t o  peak pressure 
r a t io  over the 8831113 range of compressor i n l e t  flm conditions. The f a c t  
that   the  wide range of flaw coefficient of the exit stage  indicated on 
figure 7 is not a good indication of the angle of attack range can 
probably be a t t r ibu ted   to  the high Mach n&ers a t  which these stages 

choke flow coefficient decreases considerably w i t h  increasing speed f o r  
the   l a t te r  stages, as shown on f i p e s  6 ( i) and ( j)  . 

E 
0 widest  range of angle of attack; however, it is evident from the stage 

x u operate  near choke flow i n  the low and intermediate speed  range. The 

- Correlation of aerodynamic data and hot-wire anemometer data. - The 
hot-wire anemometer data obtained on this compressor and presented in 
reference 4 indicate the existence of rotat ing s ta l l  at  50, 60, and 
70 percent of equivalent  design speed. The aerodynamic data presented 
i n  this report  indicate  positive stall of the inlet stages a t  the same 
speeds. An attempt w a s  made t o  determine which s tage  ini t ia tes  stall i n  
the inlet   stages by c o r r e l a t a  the flow coefficient a t  stall obtained 
from the hot-wire anemometer and aerodynamic data independent of speed 
for  the f i r s t  five  stages. The very small change i n  flow coefficient 
of adjacent  stages a t  the same inlet weight  flow conibined with the dif- 
f i c u l t y   i n  determining the point of m t i a t i o n  of rotating s ta l l  
(because of the initial ins tab i l i ty  of the phenomenon) made it iqpossible 
to  determine which stage was the instigator of stall.  In general, how- 
ever, the  aerodynamic data presented in figure 6 indicate  positive stall, 
as evidenced by a drop in equivalent stage to ta l -pressure   ra t io   a t  a 
higher  flow  coefficient than the  rotating s ta l l  of reference 4 detected 
by means of hot-wike anemome-krs. 

Radial  distributions  damstream of first stage. - The radial dis-  
t r ibu t ions  of t o t a l  pressure and to+al temperature downstream of the 
f irst  stage will show the effects of the wide range of operation of t h i s  
stage on the  over-all compressor performance. During the  investigation 
the M e t  stage reached a maxhum angle of a t t ack   a t  surge a t  50 percent 
speed, an opthum  angle of attack f o r  peak efficiency at 90 percent speed, 
and a minimum angle of attack at  choke flow at  design speed. Radial 

. 
b 
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distributions of measured total-pressure and total-temperature ratios 
across  the  inlet  stage  are  presented f o r  these  three flaw conditions on 
figure 8. The curves show the effects of pos i t i ve   s t a l l  of the  inlet  
stage a t   t h e  flow conaftion for  pax xi mum angle of attack,  the  essentially 
uniform radial   distribution of total-pressure and total-temperature 
ratios a t  the peak efficiency  point, and the  near-turbining  condition  for 
the weight flow at  minimum angle of attack.  Positive stall i s  charac- 
terized  by a decreasing total pressure tud an increasing  total tempera- 
ture toward the  t ip,  which indicates a t i p  stall of the stage a t  low 
speeds. The near-turbining  condition a t  the mirxhmum angle of attack 
resul ts  in a decrease Fn both  total-pressure and total-temperature  ratios 
and ultimately causes a low angle of attack stall and limits the com- 
pressor weight  flow. The mean radius data point on the  total-pressure 
ra t io  curve is not sham because the pressure  reading was in obvious 
error because of a plugged instrument. The rapid change Fn flow condi- 
tions at- the  discharge of the f irst  stage i n  the t i p  region  indicates 
that the  ra te  of.change of angle of attack wi th  flow for  the t i p  blade 
sections may be  very critical.  Since  the inlet stage is close to its 
cbke  point a t  design speed, very l i t t l e  increase in weight flow would 
be obtained when operating a t  speeds above design. The overspeed curve 
presented in reference 3 for  t h i s  compressor bears out this effect. 

Radial distributions of total-pressure and total-temperature  ratios 
a t  surge are  presented i n  figures.  9(a) and (a), respectively. The 
decrease in  total-pressure  ratio and Increase  in  total-temperature  ratio 
in the  tip  region  indicate  the  existence of s t a l l  along  the  surge  line 
in   the  inlet   s tage a t  speeds of approximately 80 percent of desfgn and 
belaw. As the speed is  reduked below 80 percent of design,, the stall 
condition  progresses  inwad &ward the hub of the compressor. At-  the 
low speeds (50 and  60 percent of design) the inlet   stage is stalled-over 
half the  passage  height at s u r g e .  Hot-wire anemometer data obtained a t  
the  t ip,  mean, and hub blade  sections a t  the  discharge of the first rotor 
and presented in  reference 4 show the same trend. The magnitude of the 
weight flow fluctuatLona is greatest a t  the tip,  -shes gradually 
t m d  the mean  r-us, and is practically  negligible  at  the hub.  The 
effect  of this t i p  stall condition is  very slight when presented on the 
equivalent  total-pressure-ratio curve in  figure  6(a). Once t i p  stall 
occws the  equivalent  total-pressure  ratio of the  inlet  stages  decreases 
very  gradually with decreasing speed and with.decreasing weight flow at 
a given speed. This chazacteristic can probably  be attributed t o  the 
progressive stall of' the M e t  stage. As the stall progresses ia rard 

,: f r o m  the t i p  toward the  root of the blade, the weight f l o w  i s  forced t o  
pass around the  stalled  region.  Since  the weight flow must be passed 
by an effectively reduced are, the ax-1 velocity will increase in   t he  
hub region such that a nearly comtant  angle of attack w i l l  be main- 
tained, thus preventing  these  blade  sections  from-stalling. Consequently, 
the  pressure producing capacity of the blade sections tomrd the hub will 
remain high after the incurrence of t i p  stall, which accounts f o r  the 
padual reduction i n  equivalent total   pressure of the inlet stage shown 
on figure 6(a) . 

N 

0 
!% 
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Blade element equivalent  total-pressure ratio and equivalent  total- 

temgerature-rise r a t i o  plotted  against speed are presented in   f i gu re  10 
f o r  the inlet stage. The speeds  along the surge l i n e   a t  which the var- 
i o u s  blade elements become s ta l led  are evident from these curves.  Radial 
position a,  near the  tip  (fig.  lO(a)),  indicates  the  incurrence of stall 
along the  surge  line  as  the speed is reduced at  approximately 78 percent 
of equivalent design speed. The  work input  or  equivalent  total- 
Wperature-r ise  r a t i o  fo r  this blade element does not show an appreci- 
able  increase  until  the speed i s  reduced to  74 percent of design. A t  
the next radial   posit ion toward the hub (fig.  10(b) ) , the drop in equiv- 
alent to-1-pressure r a t i o  and the  rise in equivalent  ,total-temperature- 
r i s e   r a t i o  occur at  74 percent of equivalent  design speed. The f a c t  
that the  equivalent  total-temperature-rise r a t i o  indicates stall of the 
blade  elements a t  radial  positions a and b a t  the same speed accounts 
for  the  rapid  increase in  slope of t h i s  performance pwameter i n   f i g -  
ure 6(a) a t  flow coefficients below a value of 0.46. Radial  position c 
near the mean radius  (fig. 1 O ( c ) )  indicates stall along the surge llne 
a t  speeds of 7 1  percent of design and below. The radial positions  near 
the hub (figs.  l O ( d )  and (e) ) show that these  blade  elements  are oper- 
ating near peak total.-pressure r a t i o  o r  on the  negative  slope side of 

these  blade elements are operating  unstalled and near p-ak blade element 
- eff ic iency  a t  flow conditlons a t  nhich the blade elements toward the t i p  

are  s.talled. The progressive  tip-to-hub type of stall found in the   in le t  
stage appeazs t o  be favorable  because it maintains a relat ively high 
pressure r a t i o  a t  stall and causes m e  gradual changes in  stage  per- 
formance than a simultaneous root-to-tip stall. The stage  interaction 
effects  associated  with a progressive  type stall are  probably less 
severe than  for a stage which s t a l l s  simultaneously d o n g  the   ent i re  
blade height because t h i s   l a t t e r  type of stall would came an abrupt 
discontinuity in the  stage performance rather than the more gradual 
changes in i t ia ted  by the progressive  type of stall. The single-stage 
performance curves  presented in  reference 10 indicate  the  relative mag- 
nitude of the drop in t o t a l  pressure for the  progressive  type of ro ta t -  
ing s t a l l ,   i n  which the nmiber of stalls increases w i t h  decreasing  flow 
coefficFent, and the  single  rotating stall  associated  with simultaneous 
stall along  the entire blade height. 

- 

% B 
V the equivalent blade element total-pressure-ratio curve. Consequently, 2 

over 
ate. 
f ive 

Concludfng Remarks 

The individual psrformance curves f o r  a l l  ten stages  are  very f l a t  
the range of flap coefficients at  which they are required to oper- 
The slight drop in equivalent  total-pressure r a t i o  of the f i rs t  

stages which accompanies s t a l l  of the  inlet   stages results In a 
slight knee in  the compressor surge D e .  In contrast with this very 

sllght Gee   the   resu l t s  of a s M l a r  investigation of a 16-stage axial- 
flow compressor reported i n  reference 1 show a large knee in the com- 
pressor  surge lFne a t  intermediate  speeds. One reason f o r  the  large , 
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difference i n  magnitude of the-knee in  the  surge  line of the two com- 
pressors may be the higher over-all t o t a l  pressure of the compressor of 
reference 1. Another reason may be the much higher loading of the inlet 
stage of 'that, compressor &s compared with the loading of the f i r s t  stage 
of- the 10-stage coqressor  reported  herein. The peak equivalent tqtal- 
pressure r a t i o  of the. inlet  stage of the 16-stage conqressor was 1.28 
as c-ared with 1.19 for the l0-8tage compressor. Consequently, the 
positive s h l l  of the  inlet   stage w i l l  have a greater  effect on the over- 
a l l  compressor total-pressure  ratio  for the mor-highly loaded stage. 
Thia effect  w i l l  also be  increased because stall of the  inlet  stage of 
the  16-stage compressor occurs a t  a higher  percentage of design speed. 
Another reason may be the extent  to which stage  interactions  affect  the 
performaace of the shcceectlng stages once the inlet   stage stalls. R e f -  
erence 1. indicates  that the performance of the f i r s t  six stages of the 
16-stage compressor were adversely  affected by stall of the  inlet  stage, 
whereas only the second stage  ameared t o  be affected  to any extent  by 
s t a l l  Opthe first  stage for the  10-stage compressor. The extent  to 
which these  stage  interactions  affect the performance of succeeding or 
preceding  stages is probably  associated dth the -type of rotating stall 
which appears to be in i t ia ted  by s m  inlet stage. The -hot-wire ane- 
mometer data  obtained on the  16-stage compressor w e r e  much less komplete 
than the data  presented i n  reference-4 in  that only  the  rotating  stall 
frequency and the magnitude of the weight flow fluctuations at one radius 
w e r e  detemnbed for  a few axial measuring stations. The analysis of these 
data and pressure  transducer data obtained a t  surge and presented in ref- 
erence 10 indicate a single complete a t a l l  along the  entire b@de height 
existing i n  the 16-stage compressor pr ior   to  surge a t  low speeds. The 
progressive s t a l l  of the  10-stage  compessor is  accompanied by a re la-  
t ively small drop in  stage  equivalent  total-presssure  ratio. The rela- 
t ively  large drop i n  pressure  ratio of the  inlet  stages of' the 16-6tage 
compressor indicates a complete root-to-tip stall, as discussed i n  ref- 
erence 11. The types of s t a l l  encountered in  the two compressors may  be- 
the primary  reason. f o r  the  difference in magnitude of the knee i n  thee 
surge  lines. . .  

SUMMARY OF XESULTS AND CONCLUSICXVS 

The followtng resul ts  and conclusions w e r e  obtained from an inves- 
t igation of the individual stage performance o f a  10-stage sLibsonic 
axial-flow  research compressor: . . - . . - . . . 

1. A slight lmee existed in the surge l ine  of this compressor 
between 70 and 74 percent of equivalent design speed. The operatdng l ine 
of an engine utilizing t h i s  compressor probably would not  pass .through the 
surge  region because the magnitude o f  the knee i n  the surge l ine is 
s l ight  - 



2. The knee that  existed. a- the compressor surge line and in  the 
70 percent speed over-all coqn-essor-total-pressure r a t i o  curve  appeared 
t o  be  directly  associated with the positive stall  of some i n l e t  stage 
and i ts  effect  through stage interactions  on-preceding and succeeding 
stages. 

3. The existence of a progressive  type stall  instead of the more 
sudden root-to-tip stall is. favorable in  that the stage perfir:inance 
decreases  gradually, thus having less   effect  on the over-all compressor 
performance than a stage which stalls sirmzltaneously along the  entire 
blade  height. In addition,  the stage interaction  effects may be 
lessened by a progressive -type stall.  

4.  Stall of the inlet stage  adversely afYected the performance of 
the f i r s t  five  stages. The perfo-ce of the-second  stage was more . 
seriously  affected  by stall of the i n l e t  stage than of stages  three 
through five. 

6. The inlet  stages  operated Fn the positlve stall region a t  low . 
compressor speeds and approached 8. low angle of  attack stall, thus 
Unit ing  the weight flow at  high speeds The ex i t  stages operated -near 
turbining, limit- the w e i g h t  flow at low speede, and. approached a 
positive stall a t  surge a t  high  speeds. 

7. The i n l e t  and exit  stages  operated  ovei the widest 'range of flow, 
coefficients . o r  angle of attack with the mh3mum range  occurring a t  the 
entrance t o  the  seventh  stage. 

8. The performance curves for  a l l  t en  stages were.very f lat ,  indi- 
cating that the individual stages will operate  near ~llaxFmum pressure 
r a t i o  and peak efficiency over most of the speed and flow range. 

Lewis' Flight  Propulsion Laboratory 

Cleveland, Ohio 
National Advisory Committee for  Aqonautfcs 
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SYMBOLS 

The rollowing symbols are used fn this report: 

annulus area, sq f-b 

specific  heat a t  constant-essure , Btu/( lb) (?I?) 

enthalpy,  Btu/lb 

t o t a l  pressure,  in. Hg abs 

volume flow, cu ft /sec . 

gas  constant 

t o w  temperatur+, OR 
t i p  speed, ft/sec 

velocity relative t o  first rotor, ft/sec 

weight flow, -/sec 
- 

pressure  ratio  functlon l(aY - : 
radius  ratio 

ra t io  of specific  heats 

NACA RM E 5 3 C l l  

r a t i o  of t o t a l  pressure t o  standard, sea-level pressure 

adiabatic  temperature-rise  efficiency 

r a t io  of t o t a l  temperature t o  standard  sea-level temperature 

viscosity,  lb/ft-sec 

s t a t i c  density,  -lb/cu f t  . 

" 
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S&scripts : 

is isentropic  process 

a design  conditions 

e equivalent, indicates that the parameter to which it 
is  affixed has been correctea t o  design speed 

n s ta t ion nuniber 

0 . inlet depression tank 

1 discharge of i n l e t  guide vanes. 

3,5,7 . . . 19 designating  jnstrument  stations as 8hoKn i n  f ig .  1at 
exi t  of first, second, third . . . ninth stage stator 
blades 

22 
'. 

discharge of exit guide vanes 
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APPENDIX B 
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CALCULATION OF DIMEMSIONLEES STAGE PERFORMANCE PARAMETERS 

The flow  range of any gfven stage i n  a multistage axial-flow com- 
pressor cannot be  controlled indepeniiently ofspeedj  therefore, a 
method of correlation of stage: performance data independene of speed is 
necessary i n  order t o  analyze stage matching characteristics. Dimen- 
sionless  stage performance parameters of flow coefficient,  equivalent 
pre'ssure ratio,  and equivalent-  .temperature-rise ra t io   a re  developed in 
reference 1. These parameters are presented in   the  form used for  the 
calculation of the individual stage performance. 

Flow coefficient. - The-flow  coefficient  for  each  stage was deter- 
mined from the  orifice weight flow, the radially averaged totaL pressujre, 
t o t a l  temperature, annulus area a t  the inlet to  the  rotor,  the compres- 
so r   t i p  speed, a d  an approximate Mach number based on the  ra t io  of the 
radially avkraged t o t a l  pressure tu-the average  outer wall s ta t i c  pres- 
sure as follows : 

The n-2 
performance of 

subscript  notation i s  valid for the 
stages two through nine. The in l e t  - 

are  include& in  the performance parameters for  the 

calculation of the 
and exi t  guide vanes 

c 

first and tenth stage8 
and consequently an -n-3 sUb6Cript notation must- be used i n  evaluating 
the performance .of these  stages. 

Equivalent  tempeiature-rise  ratio. - Since the tables of refer- 
ence 6 were used for theee  calculations the relation AH = c, was 
substituted  in  the  equation of reference 1 with the follarlG result:  

AT 

where 
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* Equivalent  pressure-rise  ratio. - The  equivalent  pressure  rise 
ratio was determined  similarly  to  the  equivalent  temperature-rise  ratio 
as  follows : 

Y 

E 
0 

where 

mis 
7 Ye = K 

and r is  assumed  constant  at a value of 1.395. 

Adiabatic  stage  temgerature-rise  efficiency. - The stage  efficiency 
was computed  as  follows : 

Since  the  speed  correction term is  the  same  for  both  numerator and 
denominator Fn this  equation,  either  the  measured  values  or  the  equiv- 
alent  values can be used  to  determine  the  efficiency. 
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Figure 3. - Compressor total-preeme  ratio over a range of weight flaws a t  speeds from 50 t o  
100 percent of equivalent design speed. 
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. 

Percent of equivalent design speed 

Figure 5. - Variation in over-all compressor  performance at surge with speed. 
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Flow coef f la lent- ,  p / n A  

(a)  Flrst stage.  

Figure 6 - Inaivldurrl B e performanae of lO-stage oanpressor over entire flow range at speeds frm 
60 to io0 percent or a a v a l e n t  design speed. 
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C 
1 
C 
C 

F ~ C W  coeffioient, Q/Ob ' 

(i) ~inth stage. 

Figure 6 .  - Continued. Individual a t  e perioraanoe of l0-a- ompressor over entire f lm range at 
epeade from x) to 100 percent of a v a l e n t  daaign s p e d .  
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1 

1 
(a) Total-preseure ratio distribution. 

Radius ratio, Z 

(6) Total-temperature ratio dietribution. 

Figure 8. - Radial  distribution of inlet stage total-temperature 
and total-preaaure ratios over a range of flow conditions. 
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(a) Total-preesure ratio dletributton. 

R a d i u e  ratio, e 

(b) TOW-temperature ratio dletribution. 

Figure 9 .  - Radial dietribution of inlet etage total-pressure 
an8 total-temperature ratioe at surge over a range of ape&. 
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Figure 10. - Variation of M e t  atage blade  element  equivalent  total-pressure and t o t a l -  
temperature-rise  ratios at surge  over a range of speeds. 
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